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Abstract Hybrid melting gels were prepared by a sol–gel
process, starting with a mono-substituted siloxane and a di-
substituted siloxane, methyltrimethoxysilane (MTES)
together with dimethyldimethoxysilane (DMDES). Five
gel compositions were prepared with concentrations
between 50% MTES–50% DMDES and 75% MTES–25%
DMDES (in mol.%). The consolidation temperature, the
treatment temperature after which the melting gel no longer
softens, increased from 135 to 160 C with a decrease in
the amount of the mono-substituted siloxane. The glass
transition temperature, recorded with differential scanning
calorimetry, decreased from -0.3 to -56.7 C with a
decrease in the amount of the mono-substituted siloxane.
When a sample was heat treated isothermally for 2 h at the
consolidation temperature, the glass transition temperature
increased by about 15, indicating further crosslinking of
the siloxane network.
Introduction
Silica-based organic–inorganic hybrid nanocomposites can
be formed with a stable inorganic framework combined
with a variety of organo-functional groups [1]. The phys-
ical and chemical properties of the nanocomposites differ
from the properties predicted by simple mixing rules [2].
Schmidt [3] identified one type of nanocomposites, where
the organic modifiers are stable toward chemical reaction
(e.g., methyl or phenyl). When hydrolytically stable groups
are used, it is found in some cases that the gels exhibit the
behavior of so-called melting gels.
Melting gels are a class of organically modified silica gels
that are rigid at room temperature, flow at temperature T1 and
consolidate at temperature T2 (T2 [ T1), when crosslinking
is complete. The process of (a) softening, (b) becoming rigid,
and (c) re-softening can be repeated many times. So-called
melting gels were developed originally to replace low
melting inorganic glasses. Matsuda et al. [4] reported
the softening behavior of melting gels, prepared with
poly(benzylsilsesquioxane) particles. Subsequently, using
phenyl triethoxysilane (PhTES) with diphenyl diethoxysi-
lane (DPhDES) or methyl triethoxysilane (MTES) with
dimethyl diethoxysiliane (DMDES), Masai et al. [5]
obtained organically modified polysilsesquioxanes with low
softening points. They used hydrochloric acid first to
hydrolyze the mixture, followed by ammonia for conden-
sation. 29Si-NMR and gel permeation chromatography were
used to study the complex structure of the gels in the PhTES–
DPhDES and (PhTES)1(MTES)(1-x)–DPhDES systems [6,
7], which showed that the molecular structures of the gels
were three dimensional, with the organic groups having
weak bonds between molecular chains.
As a general trend, the organic moieties bonded or
embedded in inorganic matrices have higher thermal
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stability than the same individual organic components. De
Witte et al. [8] studied the formation of organo-modified
silicates using tetraethyl orthosilane (TEOS) with MTES
and dimethyl dimethoxysilane (DMDMS). They investi-
gated the distribution of methyl groups in the gels. They
showed that they could determine the distribution of the
methyl groups, based on the analysis of the exothermic
peaks from differential thermal analysis (DTA) in air.
Generally, they concluded that a broad exothermic peak
indicated a uniform distribution of the methyl groups
throughout the entire gel network, while a narrow peak
indicated a preference of the methyl groups for the surface
of the gels.
The thermal stability of hybrid nanocomposites obtained
by co-condensation of polyamideimide–epoxysilane toge-
ther with oligomeric polydimethylsiloxane was studied as a
function of the amount of polyamideimide–epoxysilane
[9]. From the mass loss measurements both in nitrogen and
in air it was shown that the thermal stability of the poly-
amideimide–epoxysilane increased with an increase in the
polydimethylsiloxane concentration. Yu et al. [10–12]
studied dielectric properties as a function of temperature in
hybrid mesoporous silica obtained using TEOS and MTES.
They observed that the dielectric constant of the hybrid is
higher than silica until 300 C due to the organic content.
Above this temperature, the dielectric constant decreases
when the methyl groups decompose. The DTA curve
showed a maximum at 400 C, assigned to the oxidative
pyrolysis of the CH3 groups. Rao et al. [13, 14] showed that
for silica aerogels prepared with methyl trimethoxysilane
(MTMS) the pyrolysis of the methyl groups takes place at
480 C, while the pyrolysis of the methyl groups in aero-
gels prepared with MTES takes place at 540 C.
There are several methods to obtain silicon oxycarbide
glasses by thermal decomposition in an inert atmosphere
with gels obtained from MTES, vinyl triethoxysilane
(VTES), PhTES [15] and mixtures of TEOS with DMDES
[16]. By using DMDES, VTES and PhTES, the molar ratio
Si/C can be adjusted. Gels obtained with TEOS and
DMDES are thermally stable in inert atmosphere up to
700 C, while the same gels start to decompose in air at
around 350 C [16].
Generally, when DMDES undergoes hydrolysis and
polycondensation, polydimethylsiloxanes (PDMS) are
obtained. Camino et al. [17, 18] have investigated the
thermal degradation of PDMS using in situ FT-IR and
evolved gas analysis. The degradation takes place in two
steps. First, oligomers are volatilized at lower tempera-
tures. Then they oxidize through a peroxidation mecha-
nism, initiated by radicals that produce hydroperoxide,
which is further decomposed to produce hydrogen. When
hybrid materials obtained from TEOS and MTES are
decomposed in air, a radical mechanism is proposed, which
leads to formation of hydrogen and methane, as well as
further crosslinking of Si–O–Si chains, at temperatures
between 400 and 450 C [19].
For membranes prepared using MTMS and DPhDES
[20], thermal analysis indicated that the methyl groups
were eliminated at *380 C, while the phenyl groups were
pyrolyzed at *550 C. When membranes obtained using
MTMS were used to remove vapors from waste gasses, it
was shown that the membranes were stable until 350 C
when the methyl groups were removed and the membrane
become hydrophilic [21]. Zhou et al. [22] studied the
thermal stability of branched and linear polysiloxanes
obtained in the MTES–PhTES system. They concluded that
branched polysiloxanes were more stable than linear ones.
This was attributed to the fact that crosslinking reduces
flexibility and inhibits pyrolysis.
Differential scanning calorimetry (DSC) has been used to
identify the glass transition temperature in organically
modified siloxanes. The glass transition is generally thought
of as the interval of transition between liquid and glassy
states. The glass transition is associated with a temperature
Tg, which is influenced by a number of macroscopic prop-
erties, such as viscosity, dielectric constant, and mechanical
properties. Using the approach developed for traditional
organic polymers and applied to inorganic silica-based
polymers [23], the glass transition temperature is a reflection
of the degree of cross-linking in the silica network. The Tg
should increase with an increase in the number of oxygen
bridges between silicon atoms. In one system using func-
tional polysiloxanes, it was found that the Tg decreased with
an increase of the organofunctional comonomer [24, 25].
Another subclass of hybrid gels is epoxy resins modified
with siloxanes. Generally, the Tg is an indication of the
thermal stability of the epoxy resins. For epoxy resins
modified with siloxanes such as DMDES, the Tg can change
because of self-condensation of the DMDES, leading to an
increase in the length of organosiloxane chains [26].
This article is focused on the thermal stability of melting
gels in the MTES–DMDES system. Originally, the melting
gels were investigated for hermetic barriers for protection
from humidity and atmospheric gasses for electronic
devices [27]. The temperature of consolidation of these
hybrid glasses had to be below the temperature of degra-
dation for silicon microelectronics [28]. The processing
temperatures for the melting gels in the MTES–DMDES
were reported [29]. The general trend was that the con-
solidation temperatures decreased with a decrease of the
amount of di-substituted siloxane, while the glass transition
temperatures showed the opposite trend, an increase of Tg
with a decrease of the amount of di-substituted siloxane
[30]. To get a better understanding of the behavior of
melting gels, a full thermal analysis, involving DTA,
thermal gravimetry and DSC has been carried out.
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Experimental
Gel preparation
The preparation of the melting gels has been reported
elsewhere [27, 29]. Melting gels were prepared using
mono-substituted and di-substituted alkoxysilanes. Meth-
yltriethoxysilane (MTES) (Sigma-Aldrich, Milwaukee,
WI) as mono-substituted precursor and dimethyldiethox-
ysilane (DMDES) (Fluka Chemicals, Milwaukee, WI) as
di-substituted precursor were used. All reagents were used
without further purification. Hydrochloric acid (Fisher
Scientific, Atlanta, GA) and ammonium hydroxide (Sigma-
Aldrich, Milwaukee, WI) were used as catalysts. Anhy-
drous ethanol (Sigma-Aldrich, Milwaukee, WI) was used
as solvent. The compositions of the melting gels are indi-
cated in mol % of mono-substituted and di-substituted
alkoxides and are listed in Table 1.
The synthesis was performed in three steps. First an
aqueous solution was prepared by mixing water with
hydrochloric acid and with half of the ethanol. Separately,
the MTES was mixed with the other half of the ethanol.
Then, the ethanol mixed with MTES was added dropwise
to the aqueous acid solution under continuous stirring. The
container was covered tightly to prevent solvent evapora-
tion, and the mixture was stirred at room temperature for
3 h. The molar ratios of MTES:MeOH:H2O:HCl were
1:4:3:0.01.
In the second step, the di-substituted alkoxysilane
DMDES was diluted with ethanol in a molar ratio of
DMDMS:MeOH = 1:4. The DMDES-EtOH mixture was
added dropwise to the first mixture. This resulting solution
was kept under continuous stirring in a closed container at
room temperature for two additional hours.
In the third step, ammonium hydroxide was added to the
reaction mixture, which was stirred for one hour in a closed
container. The molar ratio of (MTES ? DMDES):NH4OH
was 1:0.01. This final solution was stirred for 48 h at room
temperature in an open container until gelation occurred.
During the gelation it was observed that a white powder of
ammonium chloride formed. To remove the ammonium
chloride, 10 mL of dry acetone (Spectranal, Riedel-de
Hae¨n) was added to the samples. The ammonium chloride
was separated from the gels by vacuum filtration. The clear
product was stirred in an open container, followed by a
heat treatment at 70 C for 24 h to remove any remaining
acetone and ethanol, followed by another heat treatment at
110 C for removal of any remaining water.
It was observed that after these heat treatments, the gels
were rigid at room temperature. However, when heated to
*110 C, the gels softened and became fluid. The con-
solidation temperature was established empirically by
going through heating and cooling cycles until a tempera-
ture was reached after which the gels could not be softened.
Once the gel had been heated to the consolidation tem-
perature, the behavior was no longer reversible. The con-
solidation temperatures are listed in Table 1.
Materials characterization
The thermal stability of the fresh gels before their con-
solidation was studied using differential thermal analysis
(Perkin-Elmer DTA-7), thermogravimetric analysis
(Perkin-Elmer TGA-7) and differential scanning calorim-
etry (DSC TA-Q-2000). DTA and TG were recorded at
5 C/min heating rate in the temperature range between 50
and 800 C under air flow (20 mL/min). The thermal
analysis in the inert atmosphere (TA Instruments 2050
TGA) was performed in the temperature range between 50
and 800 C with a heating rate of 5 C/min under nitrogen
flow (20 mL/min). The DSC analyses were recorded using
a 5 C/min heating rate between -70 and 400 C in
nitrogen flow (20 mL/min).
The DSC isothermal experiments where performed as
follows. The samples were heated at 5 C/min from room
temperature up to 5 C above the consolidation tempera-
ture for the particular sample. At this temperature, the
sample was held isothermally for 2 h, followed by cooling
to -40 C. Then the DSC analysis was performed again in
a dynamic mode from -40 C up to 400 C with a heating
rate of 5 C/min, same as the original heating rate.
For the TGA-FTIR analysis, a TA Instruments 2050 TGA
was connected to a Bio-Rad FTS-6000 IR system via a
heated transfer line maintained at 250 C. A heated trans-
mission IR cell (Harrick Scientific HTC 100) was used for in
situ transmission infrared studies. The cell was controlled by
an automatic temperature feedback controller (AT-30D) and
was water cooled to prevent damage to the cell windows
(KBr). The cell was continuously purged with nitrogen to
maintain an inert atmosphere within the cell.
The TG-FTIR isothermal experiments were conducted
as follows. The samples were loaded in the TG at room
temperature. They were heated at a rate of 5 C/min up to
5 C above the consolidation temperature. Then the
Table 1 Glass transition (Tg), consolidation temperature (TCON) and
total mass loss
MTES/
mol.%
DMDES/
mol.%
Tg/C TCON/C Total mass
loss/%
Before After
50 50 -56.7 – 160 45
60 40 -37.7 – 155 37
65 35 -18.8 3.1 150 35
70 30 -6.4 9.4 145 34
75 25 -0.3 17.3 135 30
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samples were maintained at the consolidation temperatures
for 2 h. The evolved gasses during heating up to the con-
solidation temperature and during the isothermal treatment
were passed through a heated transfer line maintained at
250 C to the IR cell for analysis.
Results
The results of thermal gravimetric analysis and DTA per-
formed in air are presented in Fig. 1. The % mass losses for
all samples along with their compositions are listed in
Table 1.
The thermal analysis was performed on freshly pre-
pared, unconsolidated gels. The % mass loss increases with
increasing amount of di-substituted siloxane (DMDES),
reflecting the increasing organic content. For all composi-
tions, two steps of mass loss are recorded on the TG curves.
The first step occurs between 150 and 280 C. This mass
loss is associated with removal of residual unreacted alk-
oxide precursors. This mass loss step corresponds to a
small exotherm around 270 C, which is attributed to
oxidation of residual ethoxy groups. The second step
occurs between 360 and 490 C. This mass loss step cor-
responds to the peak in the exotherm around 440 C on the
DTA curves. This step is assigned to the pyrolysis of
methyl groups. For the 50% MTES-50% DMDES sample,
the second step starts at a slightly lower temperature
(340 C). This sample has the highest methyl content of all
of the samples. None of the samples lose mass below
150 C when the samples are decomposed in air.
Figure 2 is the thermal gravimetric analysis in nitrogen
of the 75% MTES–25% DMDES sample. The thermal
decomposition of the sample in nitrogen occurs in four
steps.
The first step occurs between room temperature and
150 C. This mass loss of about 0.5% is attributed to the
evaporation of remaining organic solvents. The second step
is between 150 and 445 C. This mass loss is attributed to
removal of hydroxyl groups and ethoxy groups. During this
step, the mass loss is about 45%. In samples heated in air,
this mass loss occurs at lower temperatures, between 150
and 280 C. In nitrogen, the decomposition of methyl groups
does not occur until the temperature reaches 445 C. The
final thermal decompositions in nitrogen occur between 445
and 625 C and between 625 and 800 C. The mass loss
attributed to methyl decomposition is about 6.7%.
The DSC curves for all samples are shown in Fig. 3. The
glass transition temperatures (Tg) for all compositions are
listed in Table 1.
The Tg decreases with an increase in the amount of di-
substituted siloxane (DMDES), between -0.3 and -56 C.
All of the DSC curves show an endotherm around 160 C,
which starts at *115 C and has a maximum at 165 C.
Over this temperature interval, there is little change in mass
(Fig. 2). In addition, the curves show an exotherm at
*265 C. The exotherm corresponds to the mass loss due
to decomposition in nitrogen, which takes place between
150 and 445 C (Fig. 2). For the samples with higher
content of DMDES (40 and 50%), an additional exotherm
occurs at 310 C. This additional peak is linked to the large
amount of organic contained in these samples.
Figure 4 displays the DSC curves for the 75% MTES–
25% DMDES sample during isothermal consolidation. The
behavior of this sample is typical for all samples subjected
to isothermal treatment.
To investigate what happens at the consolidation tem-
perature, the sample was held isothermally at a temperature
5 C above its consolidation temperature. The consolida-
tion temperature is the beginning of the broad endotherm
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Fig. 1 Thermogravimetric (TG) curves (a) and differential ther-
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Fig. 2 Thermogravimetric curve for fresh melting gel 75% MTES–
5% DMDES heated in nitrogen at 5 C/min
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that peaks around 165 C (curve a). After 2 h of isothermal
treatment at 140 C (curve b), the same sample was heated
again from below room temperature (curve c). The endo-
therm disappeared and the exotherm was less intense.
Moreover, the glass transition temperature increased to
about 17 C. The higher Tg temperatures after the iso-
thermal treatment are listed in Table 1 for three composi-
tions. The increase is between 15 and 22.
Figure 5a displays the mass loss curve during isothermal
treatment in nitrogen and Fig. 5b displays the FT-IR
spectra of the evolved gasses, for the sample 75% MTES–
25% DMDES.
The thermal gravimetric analysis shows about 1.8%
mass loss during heat up. Upon reaching the consolidation
temperature the samples were held at 140 C for 2 h. The
mass loss during this isothermal treatment was *9%. The
gasses evolved during this were collected and analyzed. In
the FT-IR spectra recorded during the isothermal treatment,
the only gas identified in the spectra is CO2. The vibrations
in the FT-IR spectra were assigned to mas CO2 at
2367 cm-1 and d O=C=O at 666 cm-1. The intensity of
these peaks increases from the beginning of the thermal
treatment up to 40 min. After 40 min of isothermal treat-
ment, the intensity of the peaks decreases. The mass loss
curves reach a plateau around the same time. There was no
evidence in the spectra for water, ethoxy or other organics.
Discussion
During heating from 50 to 800 C, the samples lose mass
when methyl groups are removed. The total mass loss
increased in samples with higher di-substituted siloxane
content. The removal of the methyl groups occurs at a
higher temperature in nitrogen than in air. The thermal
–50 0 50 100
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Fig. 3 Differential scanning calorimetry (DSC) curves for fresh
melting gels heated in nitrogen at 5 C/min
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decomposition of 50% MTES–50% DMDES in air starts at
a lower temperature *340 C than the other compositions.
This sample has the highest content of methyl groups. The
high organic content can accelerate the thermal decompo-
sition when methyl groups close to the surface are subject
to combustion. The thermal analysis curve shows a broad
exotherm between 346 and 510 C, indicating that methyl
groups are distributed throughout the sample and are
removed over a wide temperature range [8].
The decomposition of the samples in nitrogen is more
complicated than in air. Usually, in air the organic groups
undergo pyrolysis. In inert atmosphere, decomposition
occurs at higher temperatures. First the Si–C bond in
Si–CH3 is broken, followed by formation of radical spe-
cies, which are then desorbed [19]. In nitrogen, the surface
methyl groups are removed first, since they are more
exposed. Second, the methyl groups are removed from
open pores. Decomposition is not complete even at 800 C,
as the mass loss curve has not reached a plateau. The
continued mass loss indicates the difficulty of removing all
of the methyl groups.
While the methyl groups are decomposing, the silica
network is crosslinking further. Shrinkage accompanies the
crosslinking, and some of the methyl groups are entrapped
in the silica network. Samples heated in nitrogen are black
after the thermal analysis, while samples heated in air are
white, presumably only SiO2.
The glass transition temperature observed in scanning
calorimetry is often associated with polymer chain stiff-
ness, where the polymers are the siloxane chains formed
during the sol–gel process. A decrease of the Tg occurs
with an increase of the number of non-hydrolytic organic
groups, meaning a decrease in the number of oxygen
bridges between siloxane chains [19, 24]. Moreover, higher
numbers of non-hydrolytic organic groups lead to the for-
mation of more linear polysiloxanes. An increase in the
percent of the di-substituted siloxane increases the number
of Si–CH3 bonds, which prevents the crosslinking of the
molecular chains into three dimensional networks. A low
glass transition temperature in melting gels indicates linear
polymeric chains [23]. The Tg of polydimethylsiloxane,
which is formed only from the linear polysiloxane chains is
*-100 C [9].
The isothermal treatments around the consolidation
point lead to changes in the structure of the polysiloxanes
chains. Following isothermal treatment, the endotherm
observed in the original scanning calorimetry is absent
during reheating. While holding isothermally at the con-
solidation temperature, the melting gels, which initially are
fluid, have mobile polysiloxane chains that move into
positions in such a way that the organically modified silica
chains continue to crosslink. At the consolidation temper-
ature, the formation of a three dimensional network
proceeds and the gels become irreversible. Normally,
crosslinking, which is associated with the formation of new
bonds is exothermic. However, crosslinking in melting gels
involves the formation of new bonds and the breaking of
others bonds such as Si–OH. The net effect in fresh gels is
an endotherm.
The increase of the glass transition temperatures after
isothermal treatment at the consolidation temperature
reflects additional crosslinking of the silica chains and the
formation of a three dimensional network. In siloxanes an
increase in the Tg is associated with an increase in the
number of the oxygen bridges between the silicon atoms
[23].
The infrared spectra collected from evolved gases dur-
ing isothermal treatment are useful in following the
chemical evolution of the gels. Only CO2 was identified in
the evolved gasses during the consolidation. The CO2
indicates the decomposition of unreacted organic groups.
Note that no water was identified in the evolved gasses.
Finally, Fig. 6 is a summary of the glass transition
temperatures measured from scanning calorimetry and the
empirically determined consolidation temperatures, as a
function of the mono-substituted siloxane content. Along
with the MTES–DMDES system, the temperatures for the
methyltrimethoxysilane–dimethyldimethoxysilane (MTMS
–DMDMS) system are included for comparison [30]. For
both systems, the consolidation temperatures decrease with
a decrease of the amount of di-substituted alkoxysilanes
(DMDES or DMDMS), while the glass transition temper-
atures show the opposite trend, an increase with a decrease
of di-substituted siloxane. An extrapolation of these trends
would indicate that the limit of melting gel behavior would
occur with too little di-substituted alkoxysilane, when Tg
and the consolidation temperature converge. To further
50 55 60
Temperature of consolidation for MTES–DMDES system
Glas transition temperature for MTES–DMDES system
Temperature of consolidation for MTMS–DMDMS system
Glas transition temperature for MTMS–DMDMS system
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Fig. 6 Variation of the consolidation temperature (TCON) and glass
transition temperature (Tg) as a function of the amount of monosub-
stituted siloxane in MTES–DMDES and MTMS–DMDMS (30)
systems
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investigate this trend, other non-hydrolytic groups such as
phenyl and combinations of methoxy and ethoxy are being
investigated. In addition, rheological studies are being
carried out to better understand the process of crosslinking.
Conclusions
Melting gel behavior is observed in polysiloxane polymers
that contain crosslinks between di-substituted and mono-
substituted siloxanes. The reversible behavior of becoming
rigid and then softening by cycling from room temperature
to about 110 C can be repeated many times. However,
once the gel is heated to its consolidation temperature, it
loses the ability to soften. The consolidation temperature
increases with an increase in the number of non-hydrolytic
groups. Gels with larger numbers of residual methyl groups
have overall higher mass loss in thermal gravimetry. The
mass loss occurs at the same temperature for all compo-
sitions in air, and at higher temperatures in nitrogen. Based
on DSC, it appears that the consolidation temperature
facilitates further crosslinking of the polysiloxane network.
The increase in crosslinking results in an increase in the
measured glass transition temperature, which is a reflection
of a stiffer polymer.
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